Abstract Mitochondria contain multiple copies of the circular mitochondrial genome (mtDNA) that encodes ribosomal RNAs and proteins locally translated for oxidative phosphorylation. Loss of mtDNA integrity, both altered copy number and increased mutations, is implicated in cellular dysfunction with aging. Published data on mtDNA copy number and aging is discordant which may be due to methodological limitations for quantifying mtDNA copy number. Existing quantitative PCR (qPCR) mtDNA copy number quantification methods provide only relative abundances and are problematic to normalize to different template input amounts and across tissues/sample types. As well, existing methods cannot quantify mtDNA copy number in subcellular isolates, such as isolated mitochondria and neuronal synaptic terminals, which lack nuclear genomic DNA for normalization. We have developed and validated a novel absolute mtDNA copy number quantitation method that uses chip-based digital polymerase chain reaction (dPCR) to count the number of copies of mtDNA and used this novel method to assess the literature discrepancy in which there is no clear consensus whether mtDNA numbers change with aging in skeletal muscle. Skeletal muscle in old mice was found to have increased absolute mtDNA numbers compared to young controls. Furthermore, young Sod1 −/− mice were assessed and show an age-mimicking increase in skeletal muscle mtDNA. These findings reproduce a number of previous studies that demonstrate age-related increases in mtDNA. This simple and cost effective dPCR AGE (2016) 38:323-333 
Introduction
Mitochondria, the cellular organelles responsible for the majority of ATP generation through oxidative phosphorylation, are critical to maintaining a proper homeostatic cellular environment (Taylor and Turnbull 2005) . Each mitochondrion contains multiple circular copies of the maternally inherited mitochondrial genome (mtDNA), which encodes necessary subunits for oxidative phosphorylation and ribosome formation for proper mitochondria-localized mRNA translation (Taylor and Turnbull 2005) . Many diseases (Dimauro and Davidzon 2005) have been linked to genetically and biochemically dysfunctional mitochondria including cancer (Dickinson et al. 2013) , diabetes (Sharma 2015) , and central nervous system disorders (Chaturvedi and Flint Beal 2013) . More subtly, damage to mitochondria is hypothesized to drive the aging process, termed the mitochondrial free-radical theory of aging (Barja 2013; Benz and Yau 2008) . Additionally, cumulative damage to mitochondria is hypothesized to perpetuate disease phenotypes in cancer (Chatterjee et al. 2006 ) and diabetes (Kowluru 2013) .
A critical aspect of mitochondrial and subsequently cellular homeostasis is the regulation of mtDNA copy number (Clay Montier et al. 2009; Shmookler Reis and Goldstein 1983; Veltri et al. 1990 ). Mitochondria can undergo fission and fusion events as part of mitochondrial biogenesis and turnover, respectively, in order to regulate mtDNA copy number. When cells are under demand for energy production, replication of mtDNA is induced and mitochondria undergo fission to meet the energy demands of the cell. Disruption of this process or the failure to adapt can lead to cellular dysfunction (Clay Montier et al. 2009; Ekstrand et al. 2004) . Therefore, quantifying mtDNA ploidy/copy number is an important surrogate of tissue and cellular dysfunction and represents a unique form of copy number variation differing from nuclear DNA copy number analysis. A survey of the literature identifies studies showing both increases and decreases in mtDNA copy number as indications of mitochondrial dysfunction (Malik and Czajka 2013) . Current approaches to quantifying mtDNA only provide an analog relative quantitation between samples and require the presence of an endogenous control, typically a nuclear-encoded gene, or a standard curve (D'Erchia et al. 2015; Fernandez-Vizarra et al. 2011; Miller et al. 2003; Nicklas et al. 2004; Phillips et al. 2014) . In studies where no endogenous reference is present, for example subcellular fractions that do not contain nuclear DNA, these methods cannot be applied. Furthermore, the literature is marred by contradictory findings of changes in mtDNA copy number stemming from these inadequate existing methods (Malik and Czajka 2013) . Therefore, we have developed a method to accurately and precisely count mtDNA copy number from genomic DNA (gDNA) samples. This method uses fluorogenic copy number assays designed against mtDNA and chip-based digital PCR (dPCR).
While dPCR was first proposed over a decade ago (Vogelstein and Kinzler 1999) , only recently have instruments been optimized to make dPCR a practical reality (Baker 2012; Hindson et al. 2013) . dPCR has a number of advantages over conventional PCR including being less sensitive to reaction efficiency differences, great precision, and the ability to absolutely quantify, i.e., count molecules (Hindson et al. 2013) . The basic concept of dPCR is that thousands of micro-PCR reactions, in which there are either one or no copies of the template of interest, are performed for each sample. By counting the number of reactions that are positive and negative for reaction products and then performing a Poisson correction, the number of molecules of templet in the original sample can be determined. Initial versions of dPCR chips/plates contained a few thousand wells (Morrison et al. 2006; Warren et al. 2006) or through emulsion PCR (Hindson et al. 2011) in which up to 20,000 droplet reactions were generated. Both of these approaches are valid, though limitations include a low number of reactions for the microwell formats and the added complexity and instrument costs of emulsion PCR. More recently, an ultra-high microwell format with 20,000 wells has been developed which seeks to combine the ease of use of a chip-based assay with the high reaction number of emulsion PCR. The increase in reaction number increases the precision of quantitation.
Here, we report absolute quantification of mtDNA using an ultra-high density chip-based format of dPCR. This method has been shown to have utility in quantifying mtDNA copy number, however, without proper validation (Wang et al. 2014) . We validated this method using in vitro-generated standards developed for human, rat, and mouse mtDNA. This new approach was then used to confirm previous findings in the literature of tissue differences in mtDNA. We then applied it in a novel manner to the skeletal muscle and the brain from young and old wild-type mice and young Sod1 −/− mice in order to address the contradictory results in the literature. We found an age-related increase in mtDNA copy number in old wild-type mice and in the skeletal muscle but not the brain from young Sod1 −/− mice, a mouse model of increased oxidative stress.
Material and methods

Animals
Female and male mice lacking CuZn superoxide dismutase (Sod1 −/− mice) were bred and maintained as previously described (Jang et al. 2010; Muller et al. 2006; Wanagat et al. 2015) . Wild-type male C57B6 were used for aging comparisons. Tissues were collected and frozen in liquid nitrogen from euthanized mice at 8 (Sod1 −/− and C57B6) or 28 (C57B6) months of age as noted. All procedures were approved by the Institutional Animal Care and Use Committee at the Oklahoma Medical Research Foundation. Male and female Sod1 −/− mice were used for these studies as no differences in mitochondrial content and activity have been shown in the C57B6 strain (Sanz et al. 2007) . Studies on differences between the retina and the heart were carried out on 3-month-old male C57B6 mice maintained according to the Institutional Animal Care and Use Committee at the University of Oklahoma Health Sciences Center. Mice were euthanized by decapitation and the retinas and the heart tissue were rapidly excised and frozen in liquid nitrogen. Retinal synaptosomes were isolated from fresh retinas dissected from 3-month-old Sprague Dawley rats euthanized with CO 2 followed by cervical dislocation according to the Institutional Animal Care and Use Committee guidelines at the University of Oklahoma Health Sciences Center.
Assay design
Custom fluorogenic copy number assays were designed using GeneAssist Copy Number Assay Workflow Builder (TaqMan, Life Technologies) online tool (https://www.lifetechnologies.com/order/customgenomic-products/tools/copy-number-variation/). Human (NC_012920.1), rat (NC_001665.2), and mouse (NC_005089.1) mitochondrial genomes were used in designing species-specific copy number assays for mtDNA (Table 1) . Two assays (A and B) were designed for each species' genome. The designs of these assays were targeted for regions of the mtDNA not considered to be in the "common deletion" (Phillips et al. 2014) . Human and mouse TERT fluorogenic copy number assays were used as the nuclear reference for human and mouse samples (Life Technologies). A rat nuclear reference assay was designed against Actb on chromosome 12 (NC_005111.3). Each custom assay passed Life Technologies' internal quality control standards. Additionally, standard PCR and PAGE which were used to size and verify the primers produced a single product of appropriate size from the gDNA of the corresponding species (Fig. S1 ). Amplicons also matched the targeted sequence as verified by Sanger sequencing.
Synaptosome isolation
Synaptosomes were isolated by differential centrifugation in sucrose buffer as described previously (VanGuilder et al. 2008) . Synaptosomal and combined nuclear and cytoplasmic, or somatic, cellular fractions were used to isolate total DNA by silica spin column purification (Qiagen). Western blotting on retinal fractions, 3 μg protein per lane, was carried out as previously described (VanGuilder et al. 2008) . The following primary antibodies were used; Lamin B1 (abcam ab133741) 1:5000 in 5 % non-fat dry milk in PBST, synaptophysin (abcam ab8049-500) 1:500 in 5 % BSA in PBST, and COXIV (abcam ab14744) 1:1000 in 5 % BSA in PBST. Secondary HRP-conjugated antibodies against mouse (TrueBlot 18-8817-33) and rabbit (TruBlot 18-8816-33), 1:1000 in 5 % BSA or non-fat dry milk in PBST, respectively, were used.
Digital PCR
The workflow for absolute quantitation is described in Fig. 1 . Total genomic DNA (gDNA) (both nuclear and mitochondrial) was extracted from rat and mouse tissues using the Qiagen AllPrep DNA/RNA mini columnbased prep according to the manufacturer's instructions. Tissues were homogenized in 2-ml round-bottom microcentrifuge tubes with 600 μl RLT buffer and one 5-mm stainless steel ball using the Retsch TissueLyser II prior to gDNA extraction and elution in 50 μl of H 2 O. Human gDNA was isolated from saliva using OrageneDiscover OGR-500 (DNAgenotek) genomic DNA isolation kit according to the manufacturer's instructions.
DNA quality was determined by spectrophotometry and quantification was carried out using fluorescent-based PicoGreen assay (Life Technologies). Digital PCR was carried out according to the manufacturer's instructions by mixing 3.33 μl diluted template gDNA (concentrations of DNA are described below and varied by experiment) with 16.5 μl Quantstudio 3D master mix, 3.33 μl TaqMan assay, and 9 μl water (32.16 μl [enough for two chips with excess]) (Life Technologies). Reactions were loaded onto Quantstudio 3D digital PCR chips using the Quantitative PCR Quantitative PCR was carried out as previously described (Masser et al. 2013; Masser et al. 2014 ) using 1 ng input gDNA. The same TaqMan assays from dPCR experiments were used for qPCR. Relative mtDNA copy number was calculated by 2 -ΔΔct method using the species-specific nuclear assay as the reference.
Standard generation
In vitro standards were needed in order to determine the quantitative accuracy of dPCR; however, no such standards exist; therefore, standards from human, rat, and mouse DNA were created. mtDNA standards were generated by individually cloning the amplicon from assays Hs A, Rn A, and Mm A into TOPO TA plasmids (Life Technologies) and transforming into One Shot TOP10 competent cells (Life Technologies). Transformed cells were plated on kanamycin (50 μg/ml) positive agar plates and incubated overnight at 37°C. Two colonies were picked per plate and grown in 3 ml Hanahan's broth (Sigma) with kanamycin (1:1000 of 50 μg/ml) overnight with shaking at 37°C. Plasmid DNA was isolated from grown cultures using the Zyppy Plasmid Miniprep (Zymo Research) according to manufacturer's instructions with a final elution volume of 30 μl. Purified plasmid DNA was quality checked by spectrophotometry and quantification was carried out using fluorescent-based PicoGreen assay (Life Technologies). Copy number concentrations of standards (copies/μl) were determined by multiplying the concentration (in ng/μl) of each standard by the inverse of their mass in nanogram. Each plasmid was checked for the correct mtDNA insert sequence by Sanger sequencing using the T3 primer on an ABI 3730 capillary sequencer. Expected copy number concentrations were then determined based on the mass of the plasmid.
Statistics
Statistical tests were carried out with SigmaPlot 12.5 software. Parametric t test was used to determine the difference in two group comparisons, and One-way and Two-way analysis of variance were used for multi group comparisons with α = 0.05 for factors and Student Newman Kuels (SNK) pairwise post hoc testing.
Results
dPCR validation
In vitro-derived standards with either human, rat, or mouse mtDNA amplicons were subjected to dPCR (Fig. 1 ) in order to validate the quantitative accuracy of the dPCR method. Standards were diluted to reaction input amounts to yield 600, 1000, or 1600 copies/μl based on the mass and concentration of plasmids. Two to three chips per dilution were used and copies/μl were plotted for each of the species-specific standard (Fig. 2) . As shown, each of the plasmid concentrations were accurately and precisely quantified using dPCR based on target dilutions. Positive (gDNA from the species of interest) and negative controls (gDNA from another species) show specificity and lack of cross-reactivity of the mtDNA mtDNA assays, as well as the nuclear copy number reference assays (Fig. S2) .
A novel application of this method is to quantify mtDNA in subcellular isolates, such as synaptic terminals from retinal neural tissue, or retinal synaptosomes (Fig. 3a) . Retinal somatic and synaptic fractions from male 3-month-old Sprague Dawley rats were subjected to dPCR to quantify mtDNA and nucDNA copies. In the somatic fraction, there was at least a tenfold enrichment for nucDNA compared to the synaptic fraction. Both fractions contained mtDNA with more mtDNA copies per microgram of input gDNA (as can be expected given that there is very little nucDNA). Representative western blots for nuclear (Lamin B1), synaptic (synaptophysin), and mitochondrial (COXIV) markers are also shown, demonstrating enrichment of synaptosomes (Fig. 3b) . Importantly, these results would be impossible to obtain using existing relative methods. mtDNA was also absolutely quantified in order to confirm a known tissue difference in mtDNA quantity between neural tissue (retina) and heart muscle from male 3-month-old mice (n = 5-7/tissue) (Fig. 4 ) (Fernandez-Vizarra et al. 2011 ). In agreement with previously published relative quantitation results, the heart tissue contained more mtDNA copies compared to the neural tissue (***p < 0.001). These results are represented as both per nanogram reaction input DNA (Fig. 4a ) and normalized to number of haploid genomes (Fig. 4b) . mtDNA quantitation from Sod1 −/− mice Skeletal muscle (gastrocnemius) and brain tissue from young male wild-type (8 month), old male wild-type (28 month), and young female and male (8 month) Sod1 −/− mice were subjected to mtDNA absolute quantitation by dPCR and relative quantitation by qPCR. Using dPCR, there was a statistically significant age-related increase in mtDNA copy number in skeletal muscle (**p < 0.01) (Fig. 5a) . Similarly, mtDNA copy number increased in the skeletal muscle from Sod1 −/− mice compared to the muscle from agematched young wild type mice (*p < 0.05) (Fig. 5a ). In the brain, there was no age-related effect on mtDNA copy number and no effect of Sod1 deletion (Fig. 5b) . In addition to the within tissue comparison, a cross tissue comparison of mtDNA copy number was carried out (Fig. 5c) . Independent of the sample group, the skeletal muscle was measured to have significantly more mtDNA copies compared to the brain (***p < 0.001) (Fig. 5c ). Duplicate measurements using the same assays were carried out using qPCR with the nuclear assay as the reference (Fig. 5d) . In Fig. 3 mtDNA absolute quantitation from rat retinal synaptosomes. a Somatic and synaptic retinal cell fractions were used to determine the absolute quantitation of mtDNA. Somatic cell fraction contained both nuclear and mtDNA molecules. Synaptic fraction only contained mtDNA molecules with an insignificant amount of nuclear. b Representative western blots on nuclear, cytoplasmic, and synaptosome fractions probed for Lamin B1 (66-70 kDa), a nuclear marker, Synaptophysin (38 kDa), a presynaptic terminal marker, and COXIV (15-16 kDa), a mitochondrial marker skeletal muscle, there was a trending but not significant increase in median mtDNA copies between young and old mice, and between young wild type and young Sod1 −/− mice (Fig. 5d ). In the brain, similar to the dPCR results, there was no effect of age or Sod1 − deletion on mtDNA copy number (Fig. 5e ). Similar to the dPCR results, relative mtDNA copy number was significantly higher in skeletal muscle compared to brain (***p < 0.001) (Fig. 5F ).
Discussion
Age-associated changes in mitochondrial function and mitochondrial content have been implicated in the aging process and have been proposed to be a driving factor for the onset of sarcopenia (Anson and Bohr 2000; Jang et al. 2010 ). An important aspect of mitochondrial health and homeostasis is the mtDNA content and copy number. Previous reports of agerelated changes in mtDNA copy number have been inconclusive as both increases and decreases have been reported. A number of confounding factors could lead to these discrepancies in the literature, and these have been highlighted previously (Malik and Czajka 2013) . We sought to use dPCR as a robust way to absolutely quantify mtDNA copy number in order to clarify these discrepancies. Here we have validated this method to absolutely quantify mtDNA copy number, a much needed tool in the field of mitochondrial biology (Malik and Czajka 2013) . With this tool, we have shown for the first time that the age-related increase in mtDNA copy number is mimicked by the age-accelerated Sod1
−/− mouse model in the skeletal muscle, but not the brain.
Multiple studies have shown changes in mtDNA copy number in skeletal muscle with age. A majority of these studies showed increases in mtDNA copy number with age in muscle (Bai et al. 2004; Barrientos et al. 1997a; Barrientos et al. 1997b; Dimmock et al. 2010; Gadaleta et al. 1992; Masuyama et al. 2005; Pesce et al. 2001) . However, studies also have shown no change or an age-related decline in mtDNA copy number with age in muscle (Lanza et al. 2008; Miller et al. 2003; Short et al. 2005; Welle et al. 2003) . Our data supports those studies showing an increase in mtDNA copy number with age. The discrepancies in these reports are likely due to methodological differences (Malik and Czajka 2013) . The majority of reports use a relative method, such as qPCR, for quantifying mtDNA. As we have shown, relative methods of quantifying mtDNA content are suitable for detecting large differences in mtDNA copy number, such as between tissues. However, for more sensitive applications such as age-related differences absolute quantitative methods, such as dPCR, more robustly and reproducibly quantify mtDNA copy number. Mouse heart muscle contains more mtDNA compared to neural (retina) tissue. dPCR was used to absolutely quantify mtDNA copies in mouse heart muscle and retinal neural tissue. Data is represented as either normalized per nanogram input DNA (a) or normalized on a per haploid genome basis (b). Both demonstrate that heart muscle contains more mtDNA when compared to retinal neural tissue (***p < 0.001, parametric t test, n = 5-7/ tissue). Break interval-30,000-100,000 (right) This is the first study to show an age-related increase in muscle mtDNA copy number that is mimicked by Sod1 deletion. This data supports the Sod1 −/ − mouse as a model of accelerated sarcopenia building off previous characterization studies of this model and its use in aging and sarcopenia research (Jang et al. 2010; Muller et al. 2006; Nagahisa et al. 2016; Wanagat et al. 2015) . It has been shown that the muscle fiber type most affected in the Sod1 −/− mice is the Type IIbx fiber, and these fibers have been shown to contribute to the increase in reactive oxygen species, or oxidative stress (Nagahisa et al. 2016) . In human fibroblasts, a concomitant increase in mtDNA copy number with increased oxidative stress has been reported (Lee et al. 2000) . This supports our findings that the skeletal muscle from Sod1 −/− mice or aged Muscle Brain *** mtDNA copies/haploid genome
Increase in mtDNA copies from skeletal muscle but not brain from aged wild type and Sod1 −/− mice. Absolute mtDNA copy numbers in a skeletal muscle and b brain from young (8 months) , old (28 months), and young (8 months) Sod1 −/− mice. Aging and deletion of Sod1 −/− result in an increase in mtDNA copies compared to young animals in skeletal muscle, but not brain. c Skeletal muscle has higher mtDNA copies compared to brain (*p < 0.05, **p < 0.01, one-way ANOVA on group, SNK post hoc, n = 5-7/group; ***p < 0.001, two-way ANOVA on group and tissue, n = 5-7/group). Relative mtDNA copy number from young, old, and Sod1 −/− mouse skeletal muscle (d) and brain (e). (F) Relative mtDNA copy number is higher in the muscle compared to the brain (***p < 0.001, two-way ANOVA on group and tissue, SNK post hoc, n = 5-6/group) wild-type mice contains more mtDNA. An important aspect of this finding is that these increases in oxidative stress in Sod1 −/− mice are not associated with increased heteroplasmy or mtDNA deletions (Wanagat et al. 2015) . Therefore, in response to age-related oxidative stress in the muscle, mtDNA damage may occur, but it may be diluted out by the response of increased mtDNA copy number in a positively adaptive manner that nonetheless is insufficient to maintain mitochondrial function. Furthermore, in a longevity study, relative mtDNA copy numbers were reported to decrease in blood of a long-lived human population compared to controls (van Leeuwen et al. 2014) . This supports our hypothesis that the induction of mtDNA in aged and Sod1
−/− mice is either maladaptive of an insufficient homeostatic response to restore normal mitochondrial function. However, these age-related and Sod1
−/− -associated changes are not seen in the brain. Relative mtDNA content has been previously reported across several CNS regions with age; however, no reproducible trends in increase or decrease in mtDNA copy number were shown (McInerny et al. 2009 ). Because there are both increases and decreases in mtDNA copy number in various brain regions with age, a likely result of quantifying mtDNA copy number in the whole brain would yield no change, as we report here. Therefore, future studies should address CNS subregion-specific or cell type-specific alterations in mtDNA copy number with age using absolute quantitative methodology such as dPCR.
A unique aspect of muscle mitochondria is that they are present in two distinct subcellular populations, subsarcolemmal and intermyofibrillar (Ferreira et al. 2010 ). These two populations of mitochondria have been shown to react differently with aging (Huang and Hood 2009) . Furthermore, the subsarcolemmal has been shown to be the mitochondria that contribute most to increases in reactive oxygen species. An intriguing future direction will be to quantify mtDNA in subsarcolemmal mitochondria from Type IIbx fibers from Sod1 −/− and aged mice. This is only possible using absolute quantitation of mtDNA as presented here as isolates would lack nuclear DNA used for normalization with standard mtDNA qPCR methods. Quantifying mtDNA using dPCR has a number of benefits compared to relative methods. This includes the use of fluorogenic primer/probe sets without the need to address or correct for differing assay reaction efficiencies, and the ability to quantify mtDNA without an endogenous control, which sometimes may not be present. With any PCR method, however, caveats persist. As with qPCR, heteroplasmies in the binding regions of the primers and fluorogenic probes could affect quantitation. For this reason, we generated two primer/probe sets per mtDNA reference genome for human, rat, and mouse, and designed in regions without frequent damage or deletion. Performing dPCR quantitation with two independent sets of primers would control for the possible effects of heteroplasmies. A benefit of qPCR is the high sample throughput capacity. Chip-based dPCR is limited in its throughput by the number of chips which can be cycled simultaneously, currently 24, in a standard flatblock thermalcycler. Additionally, with any dPCR approach, specific instrumentation is needed. A critical component of dPCR experiments is proper and precise quantitation of starting template material. We suggest the use of DNA-specific fluorescent quantitation assays to quantify template.
In conclusion, we have demonstrated dPCR as a useful method for absolute quantitation of mtDNA. This is the first report to validate this methodology and use it to quantify mtDNA in the skeletal muscle and the brain in the Sod1 −/− mouse model. We were able to identify increases in mtDNA copy number in the skeletal muscle in aging mice and the Sod1 −/− -accelerated sarcopenia model. Because the previous literature shows increases and decreases in mtDNA copy number with age in the skeletal muscle, we propose future studies use this or a similar absolute quantitative method of quantifying mtDNA copy number in order to robustly and reproducibly quantify changes in mtDNA copy number. Furthermore, our method is the only method with capabilities of quantifying mtDNA in subcellular isolates, such as subsarcolemmal and intermyofibrillar mitochondria, highlighting its potential as the go-to method for quantifying mtDNA.
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